Eph signaling, which arises following stimulation by ephrins, is known to induce opposite cell behaviors such as promoting and inhibiting cell adhesion as well as promoting cell-cell adhesion and repulsion by altering the organization of the actin cytoskeleton and influencing the adhesion activities of integrins. However, crosstalk between Eph/ephrin with integrin signaling has not been fully elucidated in leukocytes, including monocytes and their related cells. Using a cell attachment stripe assay, we have shown that, following stimulation with ephrin-A1, kinaseindependent EphA2 promoted cell spreading/elongation as well as adhesion to integrin ligand-coated surfaces in cultured U937 (monocyte) and J774.1 (monocyte/macrophage) cells as well as sublines of these cells expressing dominant negative EphA2 that lacks most of the intracellular region. Moreover, a pull-down assay showed that dominant negative EphA2 is recruited to the b2 integrin/ICAM1 and b2 integrin/VCAM1 molecular complexes in the subline cells following stimulation with ephrin-A1-Fc. Notably, this study is the first comprehensive analysis of the effects of EphA2 receptors on integrin-mediated cell adhesion in monocytic cells. Based on these findings we propose that EphA2 promotes cell adhesion by an unknown signaling pathway that largely depends on the extracellular region of EphA2 and the activation of outside-in integrin signaling.
Introduction
Leukocyte transendothelial migration into inflammatory tissues, a process that is induced by inflammatory mediators and proinflammatory cytokines, consists of several consecutive steps: (I) leukocyte tethering and slow rolling along the luminal wall of activated endothelial cells, (II) movement arrest and firm adhesion to the luminal wall followed by cell spreading, (III) intravascular crawling to a specific migration region, and then leukocyte transendothelial migration via paracellular and transcellular routes. [1] [2] [3] These steps, which occur sequentially but partially overlap, are primarily triggered and mediated by various membrane proteins. Initially, selectins and their ligands expressed in the leukocytes and endothelial cells function to regulate transmigration, followed by extensive control by integrins in the leukocytes and integrin ligands in the endothelial cells. Finally, cellcell adhesion molecules in the endothelial cells mediate the final stages of this process. Thus, among these various protein/ligand pairs, integrins and integrin ligands appear to play key functions during transendothelial migration and have been shown to be involved in all steps of the process.
Integrins consist of a large family of cell adhesion molecules that bind to ligands in the extracellular matrix and on the cellsurface, including intercellular adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1), which are known to play important roles during leukocyte transendothelial migration. Integrins are heterodimeric transmembrane proteins composed of an a and a b integrin subunit, and to date, 18 a subunits and 8 b subunits have been identified in humans, generating 24 heterodimers. 4, 5 Notably, integrins can transform their conformation from a bent inactive form to an extended closed form (intermediate ligand affinity) and further to an extended open conformation (high ligand affinity). However, integrins usually exist in their inactive forms on the cell surface and this conformation change occurs only in response to stimulating signals from other receptors. [6] [7] [8] These signals resulting in integrin activation, termed "inside-out signaling," have been intensively studied for the leukocyte integrins LFA1 (aLb2) and VLA4 (a4b1). In this context, chemokines rapidly induce integrin activation through Rap1 small GTPase activation, a key regulator of integrins and many other molecules involved in chemokine driven signaling cascades in leukocytes. Once activated and bound to their ligands, integrins will generate intracellular signals termed "outside-in signaling," which will in turn alter various cellular functions, including cell motility and proliferation. Moreover, in their activated state, integrins can regulate their own molecular states, such as their clustering and stabilization, allowing them to continue regulating downstream signaling. [6] [7] [8] Eph receptors and their ligands, known as ephrins, are membrane proteins that regulate cell adhesion and movement as well as cell-cell repulsion and adhesion by modulating the organization of the actin cytoskeleton mainly via Rho family GTPases. In mammals, the Eph receptor tyrosine kinase superfamily has 14 members that are divided into EphA (A1-A8 and A10) and EphB (B1-B4 and B6) classes on the basis of sequence homology of their extracellular domains. 9, 10 Members of these 2 receptor classes promiscuously bind ligands of the ephrin-A (A1-A5) and -B (B1-B3) classes, respectively. Ephrin-A ligands are anchored to the plasma membrane through a glycosyl phosphatidylinositol linkage, while ephrin-B ligands are a class of transmembrane proteins. Interaction of Eph receptors with ephrin results in bidirectional signal propagation in both receptor-and ligand-expressing cells. Forward signaling by Eph depends mainly on autophosphorylation and phosphorylation by other tyrosine kinases as well as association of the receptor with various effector proteins. Notably, kinase-independent Eph signals induced by ephrin binding can also occur during forward signaling, while reverse signaling by ephrin largely depends on the Src kinase family. 9, 10 Evidence indicating crosstalk between Eph/ephrin signaling and integrin signaling has also accumulated recently. 11, 12 For example, integrin outside-in signaling initiated by ligand binding involves the recruitment and activation of downstream effector molecules such as focal adhesion kinase (FAK) and Src family kinases, which also serve as key players in the downstream signaling cascade mediated by Eph/ephrin signaling. 11, 13 While these receptor regulated pathways appear to overlap in some ways, to our knowledge, studies investigating the interaction between Eph/ephrin and integrin/integrin ligand signaling on cell adhesion are limited, particularly in leukocytes, and many of these investigations are controversial. For example, in human T cells, b1-and b2 integrin-mediated adhesion to fibronectin and ICAM1 have been shown to be stimulated by ephrin-A activation and inhibited by EphA.
14 However, in chronic lymphocytic leukemia cells, ephrin-A signaling significantly reduced integrin adhesion to ICAM1, VCAM-1, and several extracellular matrix molecules in addition to impairing chemokine (C-C motif) ligand 19 (CCL -19)-mediated transendothelial migration. 15 Thus, additional research is warranted in order to elucidate the relationship between these 2 receptor/ligand pairs specifically in leukocyte cells.
In the present study, we sought to evaluate the interaction between Eph/ephrin signaling and integrin/ligand signaling in cultured monocyte and monocyte/macrophage cells during cell adhesion. Based on our findings, we propose that extracellular region-dependent EphA2 signaling can promote cell adhesion and extension which in turn stimulate the clustering of integrin/ integrin ligand complexes. To our knowledge, this is the first comprehensive analysis of the EphA2/integrin receptor interaction during monocytic cell adhesion.
Results

RT-PCR and flow cytometric evaluation of EphA2 expression
We successfully established the EphA2DC-EGFP-U937 and -J774.1 sublines which express dominant negative EphA2, a form of the protein that replaces the human EphA2 intracellular domain, including the kinase region, with EGFP. Under a fluorescent microscope, EGFP appeared to be mainly localized in the cell periphery and was likely embedded in the cell membrane. Further, while the EphA2DC-EGFP-U937 cell population consisted of cells of various EGFP-fluorescence intensities, the intensity was relatively weak in the EphA2DC-EGFP-J774.1 cell population (Fig. 1A) . To determine the expression levels of endogenous and exogenous EphA2, we screened native U937 and J774.1 cells along with their EphA2 subline cells using RT-PCR. To do so, we designed 2 primer sets for human EphA2: one set was used to detect endogenous EphA2 by amplifying transcripts coding the intracellular domain, and the second set was used to detect both endogenous and exogenous EphA2 by amplifying transcripts coding the extracellular domain. Primer sets for mouse and human EphA2 were also used to identify the expression of endogenous and dominant negative EphA2, respectively, in the EphA2DC-EGFP-J774.1 cells. Notably, we detected transcripts for both the intracellular and extracellular domains of human EphA2, with the expression levels of the EphA2 intracellular domain being found at almost the same levels for the U937 cells and their subline cells (Fig. 1B) . However, the expression of the EphA2 extodomain transcript in the EphA2DC-EGFP-U937 cells was significantly higher (5.99 § 0.40 times) than that observed in the parent cell line (P D 0.0001; Fig. 1B ). These results indicate that the expression of endogenous EphA2 was largely unchanged, while that of the exogenous EphA2 was over 5 times higher in the subline. In the J774.1 and EphA2DC-EGFP-J774.1 cells, we also detected endogenous and exogenous EphA2, and it appears that the expression of endogenous EphA2 was almost the same between the subline and the parent cells (Fig. 1C) . Further, the intensity of the band highlighting the expression of exogenous EphA2 in the subline cells was substantial but relatively low in comparison with that of endogenous EphA2. However, this is not a direct comparison as different sets of primers were used. Thus, it appears that the expression of endogenous EphA2 is almost the same between the parent and the subline cells for both U937 and J774.1 cell types.
To determine cell surface expression of EphA2 protein, including the endogenous and exogenous forms, we screened the native U937 and J774.1 cells along with their sublines using flow cytometry. EphA2-positive and -negative populations were detected not only in the U937 cells, but also in their subline cells, with 38.0% being positive and 62.0% being negative in the parent cells and 74.1% and 25.9% being positive and negative, respectively, in the EphA2DC-EGFP-U937 cells ( Fig. 2A) . In the subline cells, both the EphA2-positive and -negative populations were EGFP-positive, suggesting that the dominant negative EphA2 protein may not be localized to the cell surface in the negative population. Another explanation is that the sensitivity of the cell analyzer may too low to detect EphA2-positive cells as the EGFP-fluorescence of the dominant negative EphA2 was localized to the cell periphery/cell membranes when viewed with a fluorescent microscope, particularly in faintly EphA2-positive cells (Fig. 1A) . In contrast, J774.1 and its subline consisted of one population in terms of EphA2 and EGFP expression (Fig. 2B) . Histograms of the fluorescence intensity of EphA2 (X-axis) and cell number (Y-axis) for the EphA2DC-EGFP-J774.1 cells largely overlapped with those of the parent cells, but histograms of the EGFP-fluorescence intensity clearly shifted to the right in the subline. These data indicate that the surface expression density of the dominant negative EphA2 is considerably lower than that of endogenous EphA2 in the EphA2DC-EGFP-J774.1 cells. Overall, our analysis of EphA2 expression, together with the fluorescent microscopy and RT-PCR data, indicates that the expression levels of dominant negative EphA2 protein are likely much higher than that of endogenous EphA2 in EphA2DC-EGFP-U937 cells, while being only slightly higher than that observed in -J774.1 cells. Thus, if the dominant negative EphA2 does in fact affect cell behavior, it will likely be more prominently detected in EphA2DC-EGFP-U937 cells compared to the in EphA2DC-EGFP-J774.1 cells.
RT-PCR analysis of integrin expression
To determine the expression levels of various a and b integrin chains (aL, aM, aX, aD, a4, b1, b2), we screened the U937 and J774.1 cells along with their subline cells by RT-PCR. A relatively large amount of the b1 integrin subunit and small amounts of the aM, aX, and b2 integrin subunits were detected in both the U937 and EphA2DC-EGFP-U937 cells, while the aL, aD, and a4 subunits were not clearly expressed in our RT-PCR analysis even when we used up to 38 Alification cycles (Fig. 3A) . The expression levels observed for the aX and b2 subunits were almost the same between the parent and subline cells, while those for the aM and b1 subunits were 0.68 § 0.17 times lower and 1.41 § 0.12 times higher in the EphA2DC-EGFP-U937 cells compared to the parent cells, respectively (P D 0.042, P D 0.028; Fig. 3A ). These data indicate that the U937 cells likely express a substantial amount of aMb2 integrins (Mac1; CD11b/CD18) and aXb2 integrins (CD11c/CD18), and expression of these integrins in EphA2DC-EGFP-U937 cells may not change. Moreover, the b1 integrin subunit likely forms heterodimers with a number of a subunits other than a4, such as a1, a2, a5, a6, or a11. 4 In this analysis, we also found that J774.1 cells express mRNA coding the aL, aM, a4, b1, and b2 integrin subunits, and the expression levels for these integrins were higher than those observed for U937 cells in terms of cycle number during PCR amplification. In fact, J774.1 and EphA2DC-EGFP-J774.1 cells both expressed relatively large amounts of the aM and b1 subunits as well as moderate amounts of aL, a4, and b2 (Fig. 3B) . In contrast, aX and aD were not clearly expressed in our RT-PCR analysis even when up to 29 Alification cycles were used. Notably, aL, a4, and b1 were expressed at almost the same levels in the parent and subline cells, while aM and b2 expression in the subline cells was 0.44 § 0.02 and 0.38 § 0.05 times lower than that in the parent cells, respectively (P D 0.01, P D 0.001; Fig. 3B ). These data indicate that J774.1 cells likely express several types of integrins, such as aLb2 (CD11a/CD18), aMb2 (CD11b/CD18), and a4b1 (CD49d/CD29), 4 and that aLb2 and aMb2 are likely more highly expressed in the parent cells compared to the subline.
EphA2 stimulation may be involved in cell adhesion/ spreading/elongation on integrin ligand-coated surfaces
In order to determine whether EphA2 signaling affects cell adhesion processes in U937 and J774.1 cells, we analyzed the In doing so, we found that U937 cells clearly formed stripes with different cell densities corresponding to the efnA1-Fc stripes on the ICAM1-Fc, VCAM1-Fc, and collagen-coated surfaces using phase-contrast microscopy, indicating a preference for regions occupied by efnA1-Fc plus the integrin ligand over the regions containing only the integrin ligand ( Fig. 4A and B ). In contrast, on the surface of the efnA1-Fc plus FN/FN only and the efnA1-Fc plus Fc/Fc only coated coverslips, the U937 cells adhered to the coverslip, but did not form stripes of different cell densities (Fig. 4A) . Furthermore, we calculated the cell densities for the U937 cells on the ephrin/ligandcoated surfaces relative to the ligand only-coated control regions for each. These data indicate that the relative cell densities on the efnA1-Fc plus ICAM1-Fc surface (compare to ICAM1-Fc), efnA1-Fc plus VCAM1-Fc surface (compared to VCAM1-Fc), and efnA1-Fc plus collagen surface (compared to collagen) were 3.35 § 0.19, 2.18 § 0.11, and 10.72 § 2.42 fold higher, respectively, highlighting significant differences compared to the ligand only surfaces (P D 0.0003, P D 0.0015, P D 0.0029; Fig. 4C ). Overall, EphA2DC-EGFP-U937 cells appear to not only form clear stripes with different cell densities corresponding to the efnA1-Fc stripes on various integrin ligands compared to the parent cells, but this phenomenon was also observed to occur for the Fc control proteins as well (Fig. 4A ). Flat and spreading cells were also detected in the efnA1-Fc plus integrin ligand strips for the subline cells ( (Fig. 4C) . Comprehensively, these data show that EphA2DC-EGFP-U937 cells demonstrate stronger adhesion to the integrin ligands than the parent cells, indicating that the dominant negative EphA2 could be promoting cell adhesion to integrin ligands by binding to efnA1-Fc.
In contrast, the J774.1 cells did not form clear stripes with different cell densities on any of the efnA1-Fc/integrin ligandcoated surfaces (Fig. 5A) . However, some differences in cell morphology were observed between regions corresponding to the Figure 3 . RT-PCR amplification and densitometric quantification of aM, aX, b1, and b2 integrin subunit expression in U937 and EphA2DC-EGFP-U937 cells (A), along with that of aL, aM, a4, b1, and b2 in J774.1 and EphA2DC-EGFP-J774.1 cells (B). Data from 3 independent experiments, normalized to GAPDH, are shown as mean § SD. *P< 0.05, **P < 0.01.
efnA1-Fc stripes, whereby flat/elongated cells were more present in the efnA1-Fc plus integrin ligand-coated regions (Fig. 5B) . Thus, we also calculated the cell densities in the regions corresponding to the efnA1-Fc stripes compared to their ligand-only counterparts and found that on the efnA1-Fc plus ICAM1-Fc, efnA1-Fc plus collagen, and efnA1-Fc plus Fc surfaces the cell densities were significantly different, being 1.23 § 0.04 (P D 0.010), 1.13 § 0.05 (P D 0.041), and 1.15 § 0.07 (P D 0.045) fold higher in the ephrin/ligand strips, respectively (Fig. 5C) . Notably, there were no significant differences in cell density on the VCAM1-Fc or FN surfaces. We also com- (Fig. 5D) . Thus, it is likely that EphA2 signaling induces cell flattening/elongation in J774.1 cells.
Similar to their parent cells, EphA2DC-EGFP-J774.1 cells also lacked clearly formed stripes in the efnA1-Fc plus ligand regions (Fig. 5A) . However, after calculating the cell densities in the efnA1-Fc stripes, it appears that the relative cell densities were significantly higher in the efnA1-Fc plus ICAM1-Fc (1.30 § 0.05, P D 0.008), efnA1-Fc plus VCAM1-Fc (1.09 § 0.05, P D 0.049), and efnA1-Fc plus Fc (1.16 § 0.06, P D 0.020) compared to their ligand-only surfaces (Fig. 5C) . No significant differences in cell density were found on the FN and collagen surfaces. These data indicate that the adhesion properties of the EphA2DC-EGFP-J774.1 cells on the ephrin/integrin ligand-coated surfaces are similar to those observed for the parent cells. On the other hand, the relative frequencies of flat/elongated cells appear to be significantly (Fig. 5D) . Thus, it appears that EphA2 signaling independent of kinase activation likely induces cell extension/elongation on the integrin ligand-coated surfaces as the frequencies of flat/elongated cells on the efnA1-Fc plus integrin ligand-coated surfaces were higher in the EphA2DC-EGFP-J774.1 compared to the parent cells for all of the integrin ligands tested.
Actin filament staining highlights EphA2 stimulation of cell spreading/elongation
Because phase contrast images cannot adequately reveal cell shape, particularly for the thin cytoplasmic regions of the cell, we also stained the actin fibers in order to compare the morphology of the cells on the efnA1-Fc plus integrin ligand-coated surface to those on the integrin ligand only surface. Actin staining with fluorochrome-labeled phalloidin revealed a dense arch/ring bordering the cell periphery composed of actin filaments in the U937 cells cultured on the efnA1-Fc plus integrin ligand-coated surfaces compared to those on the integrin ligand only coated surface for all ligands examined (Fig. 6A) . Furthermore, the fluorescence intensity of this dense actin filament arch/ring was even greater in the EphA2DC-EGFP-U937 cells on the efnA1-Fc plus integrin ligand-coated surfaces compared to the parent cells for all ligands tested, and more protrusions also appeared to extend from the cells (Fig. 6A) . Notably, the J774.1 cells were more frequently observed to be elongated on the efnA1-Fc plus integrin ligand-coated surfaces compared to the integrin ligand only-coated surfaces for all ligands as well (Fig. 6B) . Moreover, cells on the efnA1-Fc plus integrin ligand-coated surfaces tended to be elongated considerably more in the EphA2DC-EGFP-J774.1 subline cells compared to the parent cells (Fig. 6B) . These results not only indicate that endogenous EphA2 stimulation likely promotes polarization in actin filament distribution, but also demonstrate that dominant negative EphA2 stimulation may play a role in cell spreading/elongation via activation of the integrin-ligand interaction. (Fig. 7A and  B) . The band density in our immunoblots using an anti-EphA2 antibody raised against the extracellular region of the protein indicates that endogenous EphA2 expression was similar among samples with or without stimulation by efnA1-Fc. This was confirmed by reprobing the same PVDF membrane using another anti-EphA2 antibody raised against the C-terminal peptide of EphA2 (data not shown). Band densities in the immunoblots for the b2 integrin subunit were also similar among samples with or without efnA1-Fc stimulation. In contrast, exogenous EphA2 (EphA2DC-EGFP) was detected in pull-down precipitates with ICAM1-Fc and VCAM1-Fc only from lysates of EphA2DC-EGFP-U937 cells treated with efnA1-Fc, but not with the Fc control. Moreover, the band densities indicate that exogenous EphA2 was distinctly more expressed compared to endogenous EphA2, a result that was confirmed by reprobing the same PVDF membrane using the anti-GFP antibody. These data indicate that EphA2 does in fact associate with the b2 integrin/ ICAM1 and b2 integrin/VCAM1 complexes with or without efnA1-Fc activation, indicating that ephrin stimulation is not required for this association. However, binding of the dominant negative EphA2 with the b2 integrin/ICAM1 and b2 integrin/ VCAM1 complexes does appear to require efnA1-Fc activation. Taken together, it is likely that, when in the presence of ephrin, this association is largely mediated by the extracellular region of EphA2.
Physical association of
EphA2 with b2 integrin/ICAM1 and b2 integrin/ VCAM1 complexes Because the dominant negative EphA2, which lacks the intracellular region including the kinase domain, could possibly promote kinase-independent cell adhesion to the integrin ligand-coated surfaces following stimulation by efnA1-Fc, we sought to examine whether EphA2 physically associates with integrins in U937 and EphA2DC-EGFP-U937 cells. To do so, endogenous EphA2 and integrin b2 were detected in pull-down precipitates with ICAM1-Fc and VCAM1-Fc from lysates of U937 and EphA2DC-EGFP-U937 cells treated with efnA1-Fc as well as Fc alone (control)
Discussion
Integrins are key molecules that are known to be involved in cell adhesion and movement. These transmembrane proteins can respond, primarily with a conformational change, to signaling molecules on both the inside (i.e., "inside-out signaling") and outside of the cell (i.e., "outside-in signaling"). [6] [7] [8] This versatility allows integrins to play a role in the regulation of various cellular functions, including cell motility and proliferation, by regulating their own molecular states, such as their clustering and stabilization. In contrast, the Eph/ephrin signaling pathway primarily controls tissue organization and, at a cellular level, Eph forward signaling has been shown to regulate cell adhesion and movement as well as cell-cell adhesion/repulsion by modulating the organization of the actin cytoskeleton. 9, 10 This process mainly occurs via Rho family GTPases and by influencing the adhesion activities of integrins.
Notably, this is not the first time the crosstalk between Eph/ ephrin and integrin/ligand signaling has been investigated. In human T cells, for example, EphA4 activation by ephrin-A1 and ephrin-A3 has been shown to inhibit b1 and b2 integrin adhesion to fibronectin-and ICAM1-coated surfaces.
14 In contrast, adhesion to fibronectin, but not poly-l-lysine, appears to be increased in dendritic cells derived from CD34
C positive progenitors following EphA2 activation with ephrin-A3-Fc, probably through a b1 integrin activation pathway. 16 Moreover, EphA4 was previously shown to be physically associated with aIIbb3 integrin in resting platelets, an interaction that appears to support the stable accumulation of platelets on collagen surfaces under flow. 17 However, to our knowledge, the interactions between Eph/ephrin and integrin/integrin ligand signaling on cell adhesion are largely unknown, particularly in regard to leukocytes.
In the present study, we examined the adhesion behavior of monocytic U937 and monocyte/macrophage J774.1 cells on integrin ligand-coated surfaces. Furthermore, these behaviors were also compared to those of their subline cells, which stably express dominant negative EphA2. Our RT-PCR and flow cytometry experiments showed that the expression levels of endogenous EphA2 were sufficient to perform functional experiments, and that these levels were the same between the parent and the subline cells for both U937 and J774.1. Further, the expression of EphA2DC-EGFP was prominent in the U937 subline, but was low in the J774.1 subline cells compared to that of endogenous EphA2 in these cell types.
Furthermore, using a cell attachment stripe assay with alternating stripes of efnA1-Fc (to trigger EphA2 signaling) plus integrin ligands with regions containing integrin ligands alone, we have shown that monocytic cells preferentially migrate and adhere to surfaces containing ligands for both Eph and integrins. U937 parent cells formed stripes of different cell densities on the efnA1-Fc stripes on the integrin ligand-coated surface for all the integrin ligands examined, except for FN. They also adhered to the FN-coated surface without forming clear stripes, which indicates that the physical tethering by binding of the EphA2 with efnA1-Fc itself is not likely a drive force behind the stripe formation of different cell densities on the efnA1-Fc stripes. Thus, the results of the cell attachment stripe assay indicate that the arrest of cellular movement may be driven by EphA signaling and that there is substantial crosstalk between EphA and integrin signaling. This crosstalk was further supported by our pull-down experiments using ICAM1 and VCAM1 as bait molecules, which indicate that endogenous EphA2 is physically associated with the b2 integrin/ ICAM1 and b2 integrin/VCAM1 complexes with or without efnA1-Fc activation. Notably, this association appears to occur regardless of ephrin stimulation, which we believe indicates that this interaction likely involves the active forms of the integrin complexes, which have intermediate or high ligand affinity and the ability to recruit and activate various kinases, possibly including that of endogenous EphA2. While the exogenous EphA2 still associated with the b2 integrin/ICAM1 and VCAM1 complexes, this only occurred following ephrin activation. Thus, in this case, the activated integrins alone were likely unable to recruit/facilitate the dominant negative form of EphA2 as it lacks most of the intracellular region including most of the juxtamembrane region, kinase domain, and the cytoplasmic tail region. However, once the extracellular region of EphA2 was stimulated separately with ephrin, the interaction with the integrin complexes could proceed as usual, circumventing the need for kinase activation. Unfortunately, we were unable to differentiate between this kinase-independent binding phenomenon and the kinase-dependent interactions for the endogenous EphA2 as these effects would both result in association with the integrin complexes. It is, however, important to note that because of no clear changes were observed in the amount of endogenous EphA2 in pull-down precipitates for the U937 or the subline cells with or without efnA1-Fc, it is unlikely that the addition of ephrin significantly enhances or hinders these interactions. It is also possible that these pathways cancel each other out in an unknown way. In fact, previous studies have reported controversial behaviors in terms of cell adhesion via Eph signaling, 11, 13, 14, 16, 18 and it is likely that Eph activation and association with integrin/integrin ligand complexes may be regulated by at least 2 or more different signaling pathways. Further studies are required to fully elucidate the behavior of Eph receptors in regards to their association with various integrins. Regardless of the mechanism, it appears that the EphA2 extracellular domain is able to form a molecular complex with b2 integin/ICAM1 and b2 integin/VCAM1 following activation by ephrin-A1, which in turn stimulates cell spreading and elongation possibly due to activation of outside-in integrin signaling-induced cluster formation.
As mentioned previously, the current literature on the crosstalk of these 2 prominent signaling cascades is largely controversial. This is further compounded by the various regions and domains studied for these transmembrane proteins. For example, kinasedependent EphA2 signaling was clearly shown to inhibit cell spreading, migration, and integrin-mediated cell adhesion in tumor cells by Miao et al.; 18 however, we show in the present study that EphA2 supports these process when it lacks the kinase domain. Notably, in this previous study, EphA2 was shown to be constitutively associated with FAK in resting cells, and activation of the endogenous EphA2 kinase appeared to induce integrins to adopt an inactive conformation via the recruitment of the protein tyrosine phosphatase SHP2 followed by the dephosphorylation of FAK and dissociation of the FAK-EphA2 complex. On the other hand, our kinase-independent results are also supported by other cell adhesion studies performed in epithelial and stromal cells. In these studies, after binding with ephrin-A, EphA8 enhanced cell adhesion to fibronectin via a5b1-and b3 integrins in a kinaseindependent manner that was largely dependent on the juxtamembrane segment of the cytoplasmic region which forms a stable complex with phosphatidylinositol 3-kinase (PI 3-kinase). 19 However, our dominant negative EphA2 only encodes amino acids 1-563, meaning that it lacks most of juxtamembrane region that is necessary for this association with PtdIns 3-kinase. 20 Thus, this may not be the primary mechanism involved in EphA2 stimulation of integrin-related cell adhesion in our cell lines. Similarly, Matsuoka et al. 21 showed that by binding with ephrin-B2, a truncated EphB6 receptor lacking the cytoplasmic domain promoted cell adhesion and migration via an unknown mechanism in human embryonic kidney 293T cells. Thus, further studies are required to determine the endogenous EphA2 signaling cascade triggered by ephrin-A1 stimulation that acts to promote cell adhesion via integrins in leukocytes as well as other cell types.
Interestingly, the effects of efnA1-Fc-stimulated dominant negative EphA2 on integrin-mediated cell adhesion were not clearly detected in the J774.1 subline cells, outside of the increased level of cellular spreading and/or elongation. This is likely related to the lower expression ratio of dominant negative EphA2 to endogenous EphA2 in the J774.1 subline cells compared to the U937 subline cells. Although the results varied depending on the subline used, to our knowledge, this is the first comprehensive analysis of the effects of EphA2 receptor-stimulated integrin-mediated cell adhesion in monocytic cells. Taken together, we propose that EphA2 may play a significant role in transendothelial migration of leukocytes into inflammatory tissues via its molecular association with b2 integin/ICAM1 and b2 integin/VCAM1. This is a particularly plausible hypothesis as ephrin-A1 is upregulated by proinflammatory cytokines in inflamed blood vessels. 22 Continued research in this field is essential in order to fully elucidate the level of interaction between the integrin and Eph signaling cascades. Notably, the Eph/ephrin cell-cell communication molecular system is essential to the development and physiology of various tissues and organs. 9, 10 There is also accumulating evidence implicating Eph/ephrin signaling in the progression of diverse chronic diseases, including cancer, 9, 11, 23 making the moieties involved, receptors and ligands alike, prime candidates for novel therapeutic targeting. 11, 24 The present study highlights a molecular association of the EphA2 extracellular domain with b2 integrins that largely depends on stimulation by ephrin-A1, which regulates cell adhesion and spreading/elongation on integrin ligand-covered surfaces. It is also possible that a similar interaction may also occur during the transendothelial migration and invasion observed during tumor metastasis as EphA2 is also upregulated in this context. 11, 24, 25 Further studies are required to fully elucidate the molecular mechanisms of EphA2/integrin interactions underlying cell adhesion and transmigration of leukocytes and other cell types.
Materials and Methods
Antibodies
The goat polyclonal antibody against the mouse EphA2 extracellular region was obtained from R&D Systems (AF639). The rabbit polyclonal antibody against the C-terminal peptide of mouse EphA2 was purchased from Santa Cruz Biotechnology (sc-924). The rat monoclonal PE-conjugated antibody against mouse EphA2 used in this study was from R&D Systems (233720). A goat polyclonal antibody against the N-terminal peptide of human integrin b2 was also attained from Santa Cruz Biotechnology (sc-6624). Finally, the rabbit polyclonal antibody against recombinant green fluorescent protein (GFP) was purchased from Invitrogen (R970-01). Horseradish peroxidase (HRP)-conjugated mouse anti-goat IgG (Jackson ImmunoResearch Laboratories; NA931) and HRP-conjugated donkey antirabbit IgG (GE Healthcare; 205-035-108) were used as secondary antibodies.
Cells
The human monocyte cell line, U937, was kindly gifted from Dr. Ken-Ichi Kiyomiya (School of Pharmacy, Hyogo University of Health Sciences). The mouse monocyte/macrophage cell line J774.1 used in this study was obtained from RIKEN BioResource Center (Ibaraki, Japan). Both cell types were cultured in RPMI-1640 medium (Sigma-Aldrich; R8758) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Nichirei Biosciences; 171012), 100 U/mL penicillin, and 100 mg/mL streptomycin (pen/strep; Sigma-Aldrich; P4333), and maintained in a 5% CO 2 atmosphere at 37 C.
Cell lines stably expressing dominant negative EphA2
The dominant negative EphA2 expression plasmid was constructed as previously described. 25 Briefly, the region of human EphA2 (GenBank accession number BC037166) encoding amino acids 1-563, which includes the ectodomain, transmembrane domain, and a portion of the juxtamembrane region, but lacks the rest of the juxtamembrane region, kinase domain, and the following intracellular region. 20 This truncated gene, designated EphA2DC was amplified by PCR using a sense primer with an EcoRI site and an anti-sense primer with a BamHI site. The PCR product was then digested with EcoRI and BamHI (New England Biolabs; R0101 and R0136, respectively) and ligated into EcoRI and BamHI digested pEGFP-N1 vector (Clontech Laboratories; 6085-1). The resulting plasmid is designated pEGFP-EphA2DC.
Plasmid DNA transfections into U937 and J774.1 cells were performed with DMRIE-C Reagent (Life Technologies; 10459-014) according to the manufacturer's protocol. Cells were plated at a concentration of 2 £ 10 6 cells/well in 6-well plates and then transfected with 12 mL of DMRIE-C mixed with 4 mg of the pEGFP-EphA2DC vector in Opti-MEM I medium (Life Technologies; 31985-070). The cells were then incubated for 4¡5 hrs. After this incubation, RPMI-1640 medium containing 15% FBS was added to the well and incubated for an additional 24 hrs. The cells were then incubated in growth medium containing 1,000-1,200 mg/mL of G418 to select clones stably expressing EGFP tagged EphA2DC (EphA2DC-EGFP). Clones stably expressing EphA2DC-EGFP (designated EphA2DC-EGFP-U937 and EphA2DC-EGFP-J774.1) were easily identified by their membrane localization of EGFP under fluorescence microscopy. The clones with the brightest fluorescence were used for further experiments.
RT-PCR analysis
Total RNA was isolated from all 4 of the stable cell lines, EphA2DC-EGFP-U937, EphA2DC-EGFP-J774.1, U937, and J774.1, using TRIZOL reagent (Invitrogen; 15596). RT-PCR analysis was carried out as previously described. 26 Briefly, 1 mg of total RNA was transcribed into first-strand cDNA using M-MLV reverse transcriptase, RNase H ¡ (Promega; M3682), and oligo (dT) 18 primers according to the manufacturer's instructions. For the detection of EphA2, various a/b integrin chains (aL, aM, aX, aD, a4, b1, b2), and GAPDH, 1 mL of the reaction mix (out of the total 25 mL) was amplified using the reversetranscribed DNA as a template. The primer pairs and cycle numbers for PCR amplification used in this study are shown in Tables 1 and 2 for the U937 and J774.1 cells, respectively. Primer pairs amplifying the intracellular and extracellular domains of human EphA2 were used to examine the expression level of endogenous and exogenous EphA2 in the EphA2DC-EGFP-U937 cells, respectively. In the EphA2DC-EGFP-J774.1 cells, primer pairs amplifying mouse EphA2 and the extracellular domain of human EphA2 were used to examine the expression level of endogenous and exogenous EphA2, respectively. The RT reaction was omitted for the negative control sample. The expression levels of the amplified EphA2 and integrin mRNAs were compared between the parent and the subline cells from 3 independent experiments following normalization to GAPDH.
Flow cytometry
EphA2DC-EGFP-U937, EphA2DC-EGFP-J774.1, and their parent cells were prepared at a concentration of 1 £ 10 7 cells/mL in PBS containing 1% BSA and 1 mM EDTA. PE-conjugated anti-EphA2 antibody (0.25 mg) was added to the cell suspension (1 £ 10 6 cells, 500 mL) and incubated for 20 min at room temperature. After washing, 50,000 cells were analyzed for EphA2 and EGFP expression with a flow cytometer (S3 Cell Sorter, BioRad Laboratories). Cell analyses were performed in triplicate.
Cell adhesion assay and visualization of actin fibers
We examined the adhesion of EphA2DC-EGFP-U937, EphA2DC-EGFP-J774.1, and their parent cells to integrin ligand-coated coverslip surfaces on which ephrin-A1-Fc (efnA1-Fc; a soluble form of ephrin-A1 in which the ectodomain is fused to the Fc portion of human IgG) was adsorbed in stripes according to Ogawa et al. 26 with the following modifications. Briefly, coverslips (15 mm diameter) were soaked overnight in 100 mL of 100 mg/mL poly-L-ornithine (Sigma-Aldrich; P4638) in PBS, washed with sterile water, and dried. Comb-shaped silicon masks with parallel teeth and gaps about 0.48 mm in width were then applied to the poly-L-ornithine-coated glass surface. EfnA1-Fc (100 mL of 10 mg/mL; R&D Systems; 602-A1) diluted in Hanks' balanced salt solution (HBSS; Sigma-Aldrich; H6648) was adsorbed onto these surfaces at room temperature for 60 min. The coverslips were then washed with Ca/Mg-free HBSS and the masks were removed. After washing, the following integrin ligands (100 mL of 10 mg/mL in HBSS) or human IgG Fc (control, 100 mL of 10 mg/mL in HBSS; MP Biomedicals, 55911) were adsorbed onto their respective surfaces at room temperature for 60 min: ICAM1-Fc (R&D Systems; 796-IC), VCAM1-Fc (R&D Systems; 643-VM), FN (from bovine serum, Sigma-Aldrich; F4759), or collagen (Cellmatrix, Nitta Gelatin Inc.; type I-C). After washing, coverslips were placed in 3.5 cm, culture dishes to which 2 mL of RPMI1640 containing 10% FBS were added. Cells were then plated at the following densities: 2.5 £ 10 4 cells/cm 2 (U937 and the subline EphA2DC-EGFP-U937) or 4.37 £ 10 4 cells/cm 2 (J774.1 and the subline EphA2DC-EGFP-J774.1). The cells were allowed to adhere for 2 and 4 hrs, respectively, at 378C, followed by fixation with 10% formalin in PBS for 10 min at room temperature. Phase contrast images of the cellular field, including both the efnA1-Fc and the integrin ligand or Fc protein-coated regions (test regions) and the adjacent integrin ligand or Fc protein-coated control regions, were photographed using a 4£ objective lens (IX71; Olympus). To quantitatively analyze the cell density on the test region versus the control region, we counted the cells in an area of 0.48 mm £ 1.55 mm in each test and control region, respectively. This was repeated for each integrin ligand protein used. We also compared the frequencies of flat/elongate cells on the test regions vs. the control regions by counting the cells. In this analysis, the dark cells under phase contrast microscopy were regarded as flat cells, while cells whose length were more than twice the width and/or had more than 3 cytoplasmic processes were regarded as elongate cells. Thus, both dark and elongate cells were counted together. These frequencies were determined from 3 independent experiments and normalized to those for the Fc-coated control region. Furthermore, after fixation of the cells on the coverslips, they were incubated with 0.02% TritonX-100 in PBS for 5 min at room temperature. To visualize the actin filaments, cells were preincubated in a humid chamber with 1% BSA in PBS (BSA-PBS) for 30 min, followed by incubation with 165 nM Alexa 568-labeled phalloidin (Invitrogen; A12380) in BSA-PBS for 20 min at room temperature. After washing with PBS and mounting with PermaFluor (Thermo Fisher Scientific; K002), the cells were photographed under a fluorescence microscope (IX71; Olympus).
Pull-down assay and immunoblotting
To examine the molecular association between EphA2 and b2 integrins, we performed a pull-down assay. U937 and EphA2DC-EGFP-U937 cells stimulated by efnA1-Fc (2.0 mg/ mL) or human Fc (2.0 mg/mL) at 378C for 30 min were homogenized in non-denaturing lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 10% glycerol, 1% Triton X-100) containing a phosphatase inhibitor (1 mM sodium orthovanadate) and protease inhibitors. The supernatants were collected after high-speed centrifugation, and the protein concentrations were measured using a Protein Assay kit (Bio-Rad Laboratories; 500-0006) following the manufacturer's protocol. A pull-down assay was carried out using the integrin ligands ICAM1-Fc and VCAM1-Fc as bait proteins. For precipitation, 800 mg of the cell extracts were incubated overnight at 48C or for 2 hrs at room temperature with 2 mg of ICAM1-Fc or VCAM1-Fc, followed by the addition of 20 mL of protein A/Gmagnetic beads (Thermo Fisher Scientific; 88802) for 1 hr at room temperature. The precipitates were then separated on 10% polyacrylamide gels and transferred onto polyvinyl difluoride (PVDF) membranes. The PVDF membranes were blotted with anti-EphA2 (0.2 mg/mL, R&D Systems; AF639) in Tris-buffered saline with 0.1% Triton X-100 (TBS-T) containing 3% BSA and 0.2% nonfat dry milk. After incubation with a 1:20,000 dilution of HRP-conjugated anti-goat IgG, the immunoblots were developed using ECL Prime chemiluminescence reagents (Amersham Biosciences; RPN2232). The membrane was reprobed with 1 mg/mL of anti-integrin b2 rabbit antibody and with a 1:1,000 dilution of anti-GFP rabbit antibody in TBS-T containing 3% BSA and 0.2% nonfat dry milk. After incubation with rabbit IgG, the immunoblots were developed again. These immunoprecipitation analyses were performed in triplicate. In some cases, the membrane was reprobed with 1 mg/mL of anti-EphA2 rabbit antibody (Santa Cruz; sc-924).
Statistical analysis
Statistical analyses were performed with the statistical software package, Statcel 2 (OMS Publishing Inc., Tokorozawa, Japan). The histograms represent the mean § SD. Unpaired t tests were used to determine the statistical significance of the results.
